Introduction
============

Insulin is a peptide hormone that regulates blood glucose metabolism and is an indispensable therapeutic for treating diabetes for millions of people worldwide.[@cit1] Human native insulin comprises two chains: A chain with 21 amino acid residues (A1-21) and B chain with 30 amino acid residues (B1-30).[@cit2] The two chains are connected by two inter-chain disulfide bonds (A7-B7 and A20-B19) and one intra-A-chain disulfide (A6-A11). Human insulin forms hexamers in the presence of zinc ions through coordination of B10 His. In all commercially available insulin formulations, the hexamer, which is relatively stable, is the dominant form. However, even with the presence of three disulfides and the hexameric form, human insulin is still prone to formation of aggregated fibrils, which makes continuous refrigeration necessary to ensure quality.[@cit3] Thus, there is a need to further increase insulin stability to provide an analog that does not require continuous refrigeration.

All known vertebrate insulins have a conserved three-disulfide skeleton.[@cit4] There are some examples of insulin-like peptides from invertebrates with four disulfides, although their aggregation stability was not well characterized.[@cit5],[@cit6] Introduction of additional disulfides into a protein may lead to higher stability,[@cit7] and an insulin analog with an additional disulfide between A10 and B4 has been described.[@cit8] This A10-B4 linkage was chosen because the two C~α~ were in close (5.4 Å) proximity, and crystal structure determination of the A10-B4-4SS-Ins hexamer revealed that the extra disulfide has only minor impacts on tertiary structure. Importantly, A10-B4-4SS-Ins has a similar binding affinity as native insulin but has a higher aggregation and thermal stability, which is a promising feature for insulin therapeutics.[@cit8],[@cit9] In an analogous study, the DiMarchi group recently synthesized another four-disulfide insulin-like peptide, Con-Ins G2, with the extra disulfide between the human A4 position and an N-terminal extended B chain (human B′′-6′′ position) and showed that Con-Ins G2 is inactive.[@cit6] They further performed disulfide scanning to identify a number of other additional disulfide bonds that result in reduced bioactivity.[@cit10] These observations indicate that an additional disulfide may lead to higher insulin stability but that the extra disulfide may compromise bioactivity.

Guided by our studies of novel venom insulin molecules from fish-hunting cone snails,[@cit11] we hypothesized that an additional disulfide may be inserted into native insulin between an extended A-chain and B-chain residues B21-B23. Here, we report the chemical synthesis and characterization of 4 insulin analogs with additional disulfide bonds in this region. We further evaluated the properties of A22-B22-4SS-Ins, and identified it as a novel four-disulfide insulin analog with high stability and activity.

Results and discussion
======================

Design of 4SS-Ins molecules
---------------------------

Efforts to incorporate an extra disulfide between C-terminally extended A chain residues and B21-B23 have not been reported. Indeed, the extended A-chain residues of the insulin relatives IGF-1 and IGF-2 point away from the B chain.[@cit12],[@cit13] However, our studies of cone snail venom insulin molecules suggested that this might be a viable approach. Specifically, venom insulins Con-Ins-K1 and K2 have a C-terminally extended A chain (24 residues) and truncated B chain (22 residues), and modeling studies suggested that the extended A chain may point toward the C-terminus of the B chain.[@cit11] We therefore designed insulin analogs that include a fourth disulfide bond in this region.

Using two independent insulin crystal structures (PDB [1EVR](1EVR) and ; [1ZNJ](1ZNJ)),[@cit14] we found that the distance of the two C~α~ for both A21-B22 and A21-B23 is ∼6 Å, which is borderline for the introduction of a disulfide bond ([Fig. 1](#fig1){ref-type="fig"}). Our designs therefore included analogs with an extra C-terminal residue, A22, to provide more flexibility for the additional disulfide. Based on the modeling, we decided to investigate the structure--activity relationship of four analogs that displayed the additional disulfides: A22-B21, A22-B22, A22-B23 and A21-B22.

![Modeling of a fourth disulfide bond in insulin. The crystal structure of R~6~ insulin (PDB: ; [1EVR](1EVR)) is shown with C~α~ distances between A21 and nearby residues on the B-chain indicated.](c9sc04555d-f1){#fig1}

Synthesis of 4SS-Ins molecules
------------------------------

Our synthetic route toward four-disulfide insulin molecules is described in [Scheme 1](#sch1){ref-type="fig"}. First, the protected A chain \[A6, 7, 11, 22-Acm\] **A1** was synthesized on 2-chlorotrityl chloride (2-CTC) resin through solid phase peptide synthesis (SPPS). Note that the A8-A9 dipeptide was synthesized as an isoacylpeptide to improve A chain solubility (Bold residues in [Scheme 1](#sch1){ref-type="fig"}).[@cit15]**A1** was then treated with a cocktail of TFA/TIPS/H~2~O to yield the corresponding four Acm-protected product **A2** in 24% yield. A chain \[A6, 7, 11, 21-Acm\] **A3** was obtained in 26% yield using the same route ([Scheme 2](#sch2){ref-type="fig"}). Next, protected B chain \[B7, 21-Acm\] **B1** was generated through SPPS and activated with DTDP during acidic cleavage to give the \[B7, 21-Acm, B19-SPy\] chain **B2** in 24% yield. B chains \[B7, 22-Acm, B19-Spy\] **B3** and \[B7, 23-Acm, B19-Spy\] **B4** were synthesized in 25% and 21% yield respectively ([Scheme 2](#sch2){ref-type="fig"}).

![Total chemical synthesis of A22-B21-4SS-Ins analog.](c9sc04555d-s1){#sch1}

![Synthesis of three additional analogs using the same synthetic route described in [scheme 1](#sch1){ref-type="fig"}.](c9sc04555d-s2){#sch2}

With both A and B chains in hand, we attempted to form the four disulfide bonds through a two-step process. First, **A2** and **B2** were dissolved and stirred in 6 M urea containing 0.2 M NH~4~HCO~3~ (pH 7.5) buffer solution. The reaction reached complete conversion of **A2** in 10 min and yielded a heterodimer **C1** in 68% yield based on the amount of **A2** after HPLC purification. Conversion of **C1** to A22-B21-4SS-Ins was smoothly achieved by treatment with excess amount of iodine in methanol, and the A6-A11, A7-B7 and A22-B21 disulfide bonds were formed through *in situ* Acm deprotection/disulfide formation. The product A22-B21-4SS-Ins was obtained in 11% yield after purification ([Scheme 1](#sch1){ref-type="fig"}). Three additional analogs A22-B22-4SS-Ins, A22-B23-4SS-Ins and A21-B22-4SS-Ins were obtained in 4.9%, 9.1% and 6.4% yield, respectively, over two steps ([Scheme 2](#sch2){ref-type="fig"}).

A22-B22-4SS-Ins displays native activity and resistance to aggregation
----------------------------------------------------------------------

A phospho-AKT (Ser 473) insulin signaling stimulation assay was used to evaluate insulin bioactivity of the four analogs ([Fig. 2A](#fig2){ref-type="fig"}). Native insulin and A22-B22-4SS-Ins displayed similar potency (EC~50~ 3.86 nM *vs.* 2.87 nM, respectively). In contrast, both A22-B21-4SS-Ins and A22-B23-4SS-Ins have much reduced potency (50- and 20-fold reduction respectively), and A21-B22-4SS-Ins is 4-fold less potent than native insulin. These results indicate that the relatively close proximity between A21 and B22 can lead to partially preserved bioactivity, and the extra flexibility provided by the A22 residue results in close to native potency for the A22-B22-4SS-Ins analog. Consistent with the cell-based assay, an insulin tolerance test in mice showed that A22-B22-4SS-Ins and native insulin display similar *in vivo* activity following subcutaneous injection ([Fig. 2B](#fig2){ref-type="fig"}).

![Characterization of novel four-disulfide insulin analogs. (A) Insulin bioactivity profile compared to native insulin. Data represent the average of 4 independent measurements. Error bars represent the standard deviation. (B) Insulin tolerance test in mice. Data represent the average of 4 mice. Error bars represent the standard deviation. (C) Kinetic profiling of aggregation, monitoring change in transmittance (*i.e., increase in turbidity*) at 1 mg ml^--1^ under continuous agitation at 37 °C in pH 7.4 PBS.](c9sc04555d-f2){#fig2}

We further evaluated propensity for aggregation using a stressed aging assay of continuous agitation in pH 7.4 buffer at 37 °C. As shown in [Fig. 2C](#fig2){ref-type="fig"}, native insulin behaves similarly to previous reports as it aggregated in less than 10 hours of shaking,[@cit16] while A22-B22-4SS-Ins did not reach an equivalent level of aggregation until at least 42 hours of shaking. This result demonstrates that A22-B22-4SS-Ins has a superior effect over native insulin in preventing aggregation, a key factor for insulin formulation.

A22-B22-4SS-Ins crystal structure and comparison to native insulin
------------------------------------------------------------------

To investigate the structural basis of the high stability and potency, crystals of A22-B22-4SS-Ins were grown by sitting-drop vapor diffusion. The crystals contained one insulin hexamer in the asymmetric unit. The hexamer is bound by seven phenol molecules occupying the six classical phenolic binding sites, and one additional site. Also present are two Zn^2+^ ions that, together with the phenol, stabilize the hexameric R~6~ conformation of the insulin ([Fig. 3](#fig3){ref-type="fig"}). Phenolic compounds have been well documented for their use in stabilizing insulin hexamers,[@cit17],[@cit18] and under our screen conditions the addition of phenol was found to be essential for the formation of crystals. Electron density for the fourth disulfide bond connecting the C-terminus of the A chain to the type-I β-turn on the B-chain is well defined ([Fig. 4](#fig4){ref-type="fig"}), and the overall structure reveals that the insulin backbone is able to accommodate the new disulfide linkage without appreciable conformational changes. The average root mean square deviation (RMSD) between equivalent C~α~ atoms of our structure and two wild-type human insulin R~6~ hexamers, PDB entries ; [1ZNJ](1ZNJ) and ; [1EVR](1EVR),[@cit14] is only 0.40 Å and 0.51 Å across 21 residues of the A chain, and 0.39 Å and 0.36 Å across 29 residues of the B chain, respectively.

![Crystal structure of A22-B22-4SS-Ins. (A) R~6~ hexamer; (B) one of the A22-B22-4SS-Ins subunits from the hexamer. Positions of phenol ligands (red), Zn (gray) and Cl ions (green), coordinating histidine residues, and disulfide bonds (yellow) are shown.](c9sc04555d-f3){#fig3}

![The A22-B22 disulfide bond is clearly defined. 2Fo-Fc electron density map of the A22-B22 disulfide bond at a contour level of 1.8 Å RMSD.](c9sc04555d-f4){#fig4}

An important structural element of insulin is the type-I β-turn formed by residues B20-B22. Biochemical and structural experiments have shown that this β-turn is critical for the stability and activity of insulin.[@cit19] For instance, a modification that ablates this turn through the incorporation of (α,β)-dehydrophenylalanine results in an aggregation-prone analog, while the converse modification of rigidifying the turn by substituting the B20 and B22 glycines with [d]{.smallcaps}-alanine to reinforce the positive *φ*-angles at those positions diminishes activity. These results are consistent with structures of insulin in complex with its receptor, which reveal an induced-fit binding mechanism in which the C-terminal β-strand of the insulin B-chain hinges away from the hydrophobic core of the hormone.[@cit19]--[@cit21] These observations underscore the refractory nature of insulin to mutations in this region of the B-chain. In agreement with the native-like activity of A22-B22-4SS-Ins, alignment of our structure with wild-type insulin shows that residues B20-B23 closely match the corresponding backbone conformation of wildtype insulin despite the incorporation of a new disulfide connecting the C-terminus of the A-chain to the loop of the β-turn ([Fig. 5](#fig5){ref-type="fig"} and S1[†](#fn1){ref-type="fn"}). Further, and consistent with wildtype insulin structures, residues comprising the β-turn have locally elevated thermal B-factors, indicating that the flexibility of the β-turn is not hindered by the A22-B22 disulfide bond.

![Structural similarity of A22-B22-4SS-Ins and native insulins. Overlay of A22-B22-4SS-Ins (cyan) with wild-type structures (PDB [1EVR](1EVR) and ; [1ZNJ](1ZNJ); both gray) with the backbone type-1 beta-turn depicted on the left side of the structure (asterisk).](c9sc04555d-f5){#fig5}

Because residues near the C-terminus of the B chain are important for insulin dimerization and for binding to the insulin receptors, we characterized each of these properties for A22-B22-4SS-Ins. We used isothermal calorimetry to measure the dimer forming tendency, and found that A22-B22-4SS-Ins has a similar dimer formation tendency as native insulin (Fig. S2[†](#fn1){ref-type="fn"}). As noted above, A22-B22-4SS-Ins and native insulin give equivalent phosphorylation of Atk ([Fig. 2A](#fig2){ref-type="fig"}). We also determined signaling through each of the IR-A and IR-B insulin receptor isoforms by quantification of receptor autophosphoryation. As for native insulin,[@cit22] signaling was essentially identical for the two isoforms (Fig. S3[†](#fn1){ref-type="fn"}). In summary, we have demonstrated that the C-terminal of B chain in A22-B22-4SS-Ins is structurally and functionally similar to that of native insulin.

Comparison of A22-B22-4SS-Ins with A10-B4-4SS-Ins
-------------------------------------------------

In addition to the A22-B22-4SS-Ins characterized by this work, one other fully-active, four disulfide human insulin has been reported in the literature, with cysteine mutations connecting A10 and B4.[@cit8] This analog (A10-B4-4SS-Ins) has improved stability relative to native insulin but displayed altered structural characteristics. The crystal structure of A10-B4-4SS-Ins displays a register shift that results in the formation of a new β-sheet between B2-B4 and A10-A12 in one monomer in the insulin dimer. Additionally, CD spectroscopy indicated resistance of A10-B4-4SS-Ins to adoption of the phenol-induced R-state conformation. In contrast, the structure of A22-B22-4SS-Ins shows fewer structural alterations resulting from the new disulfide bond, a property that could be favorable for the development of novel, ultra-stable therapeutic insulins.

Conclusion
==========

Our results demonstrate that tethering between the C-terminal A chain and the B21-B23 region can lead to bioactivity variation ranging from retained potency to 50-fold reduction. Further, we report A22-B22-4SS-Ins as a novel insulin analog with retained potency, increased aggregation stability, and a crystal structure that is closely similar to native insulin. Our findings thereby complement recent efforts in generating four-disulfide insulin[@cit9],[@cit10] and single-chain insulin,[@cit23],[@cit24] and advance efforts to develop a much more stable therapeutic insulin. Further investigations regarding insulin signaling pathway activation *in vitro* and *in vivo* are underway.
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